S
ince its discovery, SERS has shown significant promise for sensing individual molecules adsorbed near metal nanostructures or substrates with nanoscale roughness. 1−6 In SERS, the key aspect is that the incident light is collected by the nanoscale metallic structures and converted into plasmon excitations . This is a conversion from the far field regime to the near field, where optical density of states depends strongly on the distance from the metal nanoparticles. It is also typical that surface enhanced spectra look different from the corresponding solution Raman measurements, 7 which is due to the interfacial chemical interaction 8 and commonly referred to as the "Chemical Enhancement" (CE). 4, 9 A number of studies 10−17 have developed insightful and rather complex models that describe chemical interactions underlying CE. However, in a simplified view, CE can be rationalized in terms of the interfacial electronic structure energy level alignment between frontier molecular orbital energy and the metal Fermi energy, which sets the scale of the overall mode-independent multiplicative factor, 18 and quantifies the mode-specific degree to which a particular vibrational mode couples to the surface. 19 However, while on metals CE appears to be reasonably understood, modeling of CE on semiconductor surfaces is practically absent. Understanding of CE on semiconductors becomes even more important in the view of recent experimental studies. 20 In this paper, we explore the nature of CE on semiconductor surfaces.
Our computational model is the organic molecule trans-1,2-two(4-pyridyl) ethylene (BPE), that was previously used to investigate the nature of CE on silver and gold surfaces. 21−23 In this work, BPE is adsorbed to the surface of semiconductor PbSe. The rationale for choosing BPE is that the analogy with our previous work with gold will help us to understand the case of semiconductor surfaces. We focused on the three crystallographic facets, (001), (101), and (111), of the rock salt structure of PbSe. 24 The (001) facet of PbSe is convenient for computations, because it retains the well-defined semiconductor gap even without surface passivation. We want to avoid dealing with the surface passivation and reconstructions, 25, 26 which would unnecesarily complicate our analysis. DFT calculations were performed using the SIESTA code. 27 We used Perdew−Burke−Ernzerhof (PBE) parametrization for the XC-potential and double-ζ (DZP) basis set. Pseudopotentials for Pb, Se, N, C, and H were downloaded from the SIESTA web page. Crystallographic facets of the PbSe were represented by periodic slab geometries, with the corresponding crystallographic direction oriented along z-axis of the supercell. The in-plane lattice parameters of the PbSe slabs were kept according to the calculated bulk lattice constant, L = 6.29 Å, slightly larger than the experimental value of ≈6.124 Å, 28 which is expected when using the PBE XC-functional. The out-of-plane atomic coordinates of the slabs and the molecule were completely free to relax. Three different binding geometries for BPE on PbSe slabs are shown in Figure 1 . A 2 × 2 × 1 Monkhorst-Pack k-points mesh was used for calculations involving PbSe slab; the Γ point was used for the isolated molecule calculations, and a 10 × 10 × 10 mesh was used for the bulk PbSe calculations. The energy cutoff was set to 300 Ry in all calculations. Vibrations of the structures were computed by the method of Postnikov. 29 For the molecules adsorbed on the surfaces, Raman intensities are approximated by including only the R ZZ component of the Raman tensor. The rationale for this approximation was discussed in our previous work. 19 We discussed that the chemical modification of the Raman signal should be the same for all Raman tensor components. By limiting our analysis to only R ZZ , we obtain all information that is needed for our analysis. The DFT electronic level alignmnet in our work is only qualitatively meaningful. For a more quantitative picture, we would have to use a higher level theory, 30 which is left for future work. In Figure 1 , we summarize electronic structure information for three types of PbSe surfaces: (001), (101), and (111), with binding energies E BPE(001) = 0.06 eV, E BPE(101) = 0.12 eV and E BPE(111) = 0.22 eV, respectively. The density of states (DOS) plots show the distribution of PbSe states in the range of energies from −2 to 2 eV, centered at the Fermi level. The goal of this plot is to show the size of the energy gap in each case, as well as to locate the molecular electronic states relative to the semiconductor valence band maximum (VBM), or the Fermi level in a metallic system. In the case of the (001) surface, we see that the calculated semiconductor gap is about 0.5 eV. The lowest unoccupied molecular orbital (LUMO) of BPE landed in the semiconductor gap, slightly closer to the conduction band minimum (CBM). The combined (001) system has a gap of approximately 0.25 eV. The (101) surface, being less coordinated than (001) has a significantly smaller gap. The LUMO of BPE in this case is also in the gap, and leans toward the CBM. The last surface, (111), is metallic, which was made by design. The slab, which is used to represent this surface, is terminated by Pb atoms on both sides, which makes it strongly n-type. There is evidence that the (111) surface does not behave this way in reality. Instead, surface reconstructions are very likely to occur, allowing (111) to remain stoichiometric, and therefore less polar and nonmetallic. 24 In our case, we let the surface be metallic, because we want to have a metallic system for comparison. While we see the quantum confinement effect on the energy gap between VBM and CBM, shown in Figure 2b , the distance between VBM and LUMO is practically unchanged. This indicates that the VBM-LUMO gap is mostly determined by the local chemistry at the binding site, with negligible effect from the confinement.
Our calculated Raman spectra are summarized in Figure 3 . We show the same Raman data in two representations: the upper panel shows four Raman spectra plotted on the same vertical scale in order to emphasize the overall variations in the intensity on different surfaces; the lower panel shows the same Raman data, but the weaker signals have been multiplied, so that we could see differences in the shapes of the spectra. The Raman spectrum of the (101) surface shows the strongest overall signal, with 10 higher intensity than the (111) surface, and 20 times higher than the (001) surface. Clearly, the type of the surface significantly affects the interfacial Raman coupling.
With respect to the shape of the spectrum, we focus on the behavior of the two strongest peaks at 1595 cm −1 and 1631 cm −1 , highlighted in Figure 3c . According to Yang et al., 21 the 1595 cm −1 mode has A g symmetry and represents the pyridine ring CC stretch, while the 1631 cm −1 mode also has A g symmetry and represents the ethylenic CC stretch (also shown graphically in SI). Previously, we discussed the behavior of these two peaks and their relation to CE. 22 It was shown that on a gold surface the relative intensities of these two peaks indicate the presence of chemical binding to the metal surface. If the 1595 cm −1 peak was slightly lower than the peak at 1631 cm −1 , then there was no direct chemical bonding between the molecule and the metal surface. On the other hand, if the 1595 cm −1 peak was much higher than 1631 cm
, then the Raman spectrum was said to be modified by CE. 22 The rationale for this interpretation was that the 1595 cm −1 vibrational mode has larger deformation potential, yielding stronger charge transfer between gold surface and the bound molecule. 22 Surprisingly, the spectrum of the (001) surface shows no significant change of the spectral shape, i.e., the spectrum looks very much like the one of the isolated BPE. While not changed in shape, this spectrum is still uniformly enhanced by about 10 times relative to the isolated BPE. Should we still call this "chemical enhancement"? Is CE only the change of the spectral shape or just the overall enhancement due to the chemical coupling, or both? Apparently, understanding of CE requires some additional terminology for clarification. We suggest referring to the (001) situation with the overall enhancement, but to no change of the spectral shape as "charge-transfer-less chemical enhancement" (CTL-CE), which will be discussed below.
On the other hand, the spectra of (101) and (111) surfaces clearly show changes of the shape (altered relative peaks intensities, as compared to the bulk spectrum), with much stronger peak at 1595 cm −1 . 22 We suggest to refer to the later situations as "charge-transfer chemical enhancement" (CT-CE), meaning that vibrational modes induce redistribution of charge across the molecule-surface interface.
The uniform enhancement of the signal on the (001) surface is due to the chemically modified lowest energy excitation that renormalizes the overall polarizability of the system. This mechanism had been investigated by Morton and Jensen, who indicated the absence of charge transfer. 18, 31 If we express Raman signal by the two-state model, 31 then for a given vibrational mode Q n we will have 
where R αβ (n) is the Raman tensor component, χ αβ is the electronic polarizability, M α and M β are the transition dipole moments, which are assumed to be independent from Q n . 18, 31 The overall Raman enhancement on the (001) surface has to be attributed only to the renormalization of ω gap 2 in the denominator of eq 1. While, the derivative, ∂ω gap /∂Q n , which we call "deformation potential" (see Supporting Information (SI) for more information), has to be the same as for the isolated molecule, otherwise the relative peaks intensities would change. Indeed, this is exactly what we see in our direct analysis of the deformation potential presented in the SI. In the case of BPE, the deformation potential is the shift of the LUMO relative to the VBM of PbSe.
Our (111) surface is metallic, and the spectrum is not only enhanced, but also exhibits a significantly modified profile, very similar to the case of the Au(111) surface. 22 The displacements of the LUMO in this case cause crossing of E Fermi , which drives the interfacial charge redistribution. 19 The mechanism of the electron-vibration coupling is "anharmonic" in this case, meaning that the charge transfer is effectively damping the amplitude of the LUMO shift, which is reflected by the deformation potential (see detailed analysis in the SI).
Thus, the (001) and (111) surfaces allow us to demonstrate two types of the chemical enhancement: CTL-CE and CT-CE. In the first case, the coupling of the vibrations with the interfacial electronic structure is "harmonic", because it does not involve the charge transfer. On the other hand, the CT-CE mechanism exhibits renormalized amplutide of the LUMO shift (deformation potential), which is due to the "anharmonic" character of the process. It is the anharmonic case that leads to the modification of the relative peak intensities in chemically enhanced Raman spectra, as compared to bulk intensities (i.e isolated molecule). Distinguishing these two regimes of CE might be very handy in the future studies of surface Raman spectroscopy.
Finally, we focus on the anomalously strong Raman signal on the (101) surface.We expected the strongest signal from the metallic surface (111), because the (111) surface has the largest polarizability (see Figure 4a) . However, instead, the (101) surface shows Raman intensity 10 times higher than (111). The 1595 cm −1 peak on (101) has also been enhanced, which means that we have the CT-CE regime with charge transfer. In Figure 4a , we examine how the electronic polarizability, χ, changes as a function of the vibrational amplitude, Q n , associated with the 1595 cm −1 mode for all surfaces and for the isolated BPE. The overall scale of the polarizability of each structure correlates very nicely with the binding energy of BPE to the surface (see Figure 6 in the SI). However, more importantly, the (101) case shows a uniquely nonlinear behavior of the polarizability. The almost linear trends in other cases mean that if there is charge transfer, it happens at approximately constant rate when the LUMO moves up or down, ∂ρ/∂Q n ≈ const, where ρ is the occupation of the LUMO. In the case of the (101) surface, the charge transfer changes nonlinearly, as shown in Figure 4 . We see that when the LUMO goes down, it crosses the Fermi level, becoming more occupied. When the LUMO goes up, the semiconductor gap only increases, without causing any charge redistribution. Thus, the vibrational coupling to the electronic structure of the (101) surface is rectified. This anomaly is related to the fact that the system is right at the border between the metallic and semiconducting state. The vibrational dictortion is able to drive the transition between the two regimes, indicated by the change in the slope of the polarizability curve in Figure 4 , which is the crossover between the CT-CE and CTL-CE deformation potential. In Figure 4c . No cloud means nothing changes relative to the equilibrium geometry. When the LUMO goes down in energy, we see a significant amount of charge density disappearing from the surface of the semiconductor (the cloud on the surface in Figure 4d shows the missing charge). At the same time, the absence of such cloud in Figure 4c means that nothing changes on the surface when the LUMO goes up.
In summary, we observed that binding to the semiconductor surfaces significantly affects Raman spectra of organic adsorbates, but on each surface in a different way. Overall, the two-state model provides adequate basis for an intuitive understanding of the interfacial contribution to Raman. However, the behavior of the electron-vibration coupling at the interface needs to be clarified in each case. We suggest that by introducing the terms of "charge-transfer-chemical-enhancement" (CT-CE) and "charge-transfer-less-chemical-enhancement" (CTL-CE), we can differentiate between the situations when vibrations induce interfacial charge transfer and when they do not, respectively. Although our calculations are done in the approximation of the infinite wavelength, they should provide useful basis for the future TD-DFT calculations, which will reveal the wavelength dependent nature of the CT-CE and CTL-CE regimes. The transition between these two regimes implies the possibility of turning "on" and "off" the vibrationinduced charge transfer by changing the excitation wavelength, which can lead to novel types of Raman measurements, directly probing electronic structure of the crystal-molecule interfaces.
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